INTRODUCTION
Of the growing number of individuals initiated on dialysis annually in the United States, 94% choose hemodialysis as their initial mode of therapy. The five-year survival rate on hemodialysis is a dismaying 35% 1 , with the risk of death being highest in the first few months after starting treatment 2 . The single most common cause of mortality in hemodialysis patients is sudden cardiac death, which accounts for approximately one out of every four deaths. 1, [3] [4] [5] . With an annual incidence of 6-7%, the risk of sudden cardiac death in hemodialysis patients even exceeds that for high-risk diseases like heart failure 6 . Unfortunately, no interventions have been identified that clearly prevent hemodialysisassociated sudden cardiac death, including mainstay therapies like beta blockers and implantable defibrillators.
Long chain n-3 fatty acids have been demonstrated in experimental and clinical models to protect against malignant ventricular arrhythmias. They have also been shown to reduce the risk of sudden cardiac death in some but not all primary and secondary prevention trials in non-dialysis populations 7, 8 . We and others have reported that U.S. hemodialysis patients consume insufficient dietary long chain n-3 fatty acids and consequently have low blood levels [9] [10] [11] , and that such levels are inversely related to total mortality [12] [13] [14] . Yet no studies have examined the relationship between long chain n-3 fatty acid blood levels and sudden cardiac death in hemodialysis patients during or after the early high-risk period.
We therefore used a frequency matched case-control design to test the hypothesis that serum phospholipid long chain n-3 fatty acids levels were inversely related to the risk of sudden cardiac death during the first year after initiating hemodialysis. We performed the study in a large contemporary cohort that was representative of the general U.S. hemodialysis population. Table 1 describes the characteristics at time of initiating hemodialysis of the 100 patients who died of sudden cardiac death during the first year of treatment and their 300 frequency matched controls. The patients who died of sudden cardiac death were more likely to have a history of coronary artery disease (19.0 vs 9.0%, P=0.007), congestive heart failure (19.0 vs 10.3%, P=0.023), and stroke (7.0 vs 2.7%, P=0.048), but less likely to have hypertension (25.0 vs 41.3%, P=0.003). They also had comparatively lower serum albumin (3.38 vs 3.54g/dL, P=0.007), creatinine (5.47 vs 6.24mg/dL, P=0.005), and phosphorus levels (4.19 vs 4.68mg/dL, P=0.007), and were far more likely to have started hemodialysis using a catheter than an arteriovenous fistula or graft (73.4 vs 48.6%, P<0.001).
RESULTS
Baseline serum phospholipid fatty acid levels in the case and control groups are shown in Table 2 . The patients dying of sudden cardiac death had greater median amounts of the most abundant saturated and monounsaturated serum fatty acids (i.e. palmitic [16:0] , oleic [18:1n-9] ) but less polyunsaturated fats such as arachidonic acid [20:4n-6] and docosahexaenoic acid [DHA, . Long chain n-3 fatty acids were significantly lower in cases than controls (median (1 st ,3 rd quartile) 3.2 (2.6,4.0) versus 4.0 (3.3,4.7), P<0.001).
The odds of sudden cardiac death by phospholipid n-3 fatty acids levels over the first year of hemodialysis is reported in Table 3 and were significantly and inversely related to the amount of serum long chain n-3 fatty acids. After adjusting for relevant factors and potential confounders, the relationship remained relatively unchanged and significant (P<0.001), with the highest quartile having an 80% lower odds of sudden cardiac death compared to the lowest quartile. Further adjustment for long chain n-6 fatty acids did not weaken the relationship. Results were not qualitatively different when long chain n-3 fatty acids were treated as a continuous variable (data not shown). When long chain n-3 fatty acids were examined separately, 22:5n-3 and 22:6n-3, but not 20:5n-3, were found to have significant inverse relationships with the risk of sudden cardiac death (data not shown). Of note, the rate of hyperkalemia (defined as greater than 6.0 mEq/L) during the one year study period was similar between groups (cases-5.0%, controls 5.3%, P=0.90).
Compared to the lowest quartile of long chain n-3 fatty acids, the odds of sudden cardiac death were significantly lower for individuals in all other quartiles at days 90, 180, 270, and 365 ( Figure 1 ).
DISCUSSION
This case-control study performed in a nationally representative cohort of patients initiating hemodialysis found that serum phospholipid long-chain n-3 fatty acids were inversely associated with sudden cardiac death events during the first year of dialysis, including during the highest-risk first few months. This relationship held true even after controlling for factors that may or do influence the risk for sudden cardiac death in hemodialysis patients. Adjusting for dietary fatty acids did not appreciably influence our findings, suggesting that the effects of long chain n-3 fatty acids are independent of consumption of other dietary fats.
The exceptional vulnerability of hemodialysis patients to sudden cardiac death is well described but not fully understood [3] [4] [5] 15 . In contrast to the non-dialysis population, where sudden cardiac death is most commonly ascribed to acute myocardial ischemic events, in hemodialysis patients diffuse cardiac fibrosis and diastolic dysfunction, autonomic instability and sympathetic overactivity, deranged mineral metabolism and vascular calcification, systemic inflammation, and treatment-associated myocardial stunning and rapid fluid and serum electrolyte shifts predominate as the most likely alternative culprits 16 . Long chain n-3 fatty acids have been reported to ameliorate many of these unique dialysisrelated conditions through a variety of mechanisms 8, [17] [18] [19] [20] .
Roughly half of the major randomized trials testing the effects of long chain n-3 fatty acids supplementation on cardiovascular and mortality endpoints have reported positive results [21] [22] [23] [24] , while a major limitation of many of the negative clinical trials was inadequate statistical power due to low event rates, presumably from the effective use of risk-reducing medications like statins and beta blockers 8 . In contrast, no therapy in the hemodialysis population has been demonstrated to reduce the risk of sudden cardiac death 5, 25 . Even the utility of implantable defibrillators in hemodialysis patients is controversial, and given the predominance of diastolic dysfunction and the risk for infections and hemodialysis access compromise, they are unlikely to be recommended routinely 26, 27 . The possibility that long chain n-3 fatty acids can be used to lower the risk of sudden death is therefore especially appealing. Long chain n-3 fatty acid blood levels are highly modifiable by dietary consumption of fish or fish oil supplements 28 , which are relatively inexpensive and generally well-tolerated. In addition, U.S. hemodialysis patients have low blood long chain n-3 fatty acid levels compared to Americans without kidney disease and even foreign dialysis patients 29, 30 . Because the putative cardioprotective effects of long chain n-3 fatty acids are maximal when dietary intake is lowest 31 , hemodialysis patients in the United States are an optimal population for supplementation studies.
There has been no published research into the relationship between long chain n-3 fatty acids and sudden cardiac death. However, the general consensus of three previous observational studies in incident and prevalent hemodialysis and peritoneal dialysis patients was that long chain n-3 fatty acids, assessed by either dietary surveys or blood levels, are inversely related to total mortality [12] [13] [14] . A randomized, controlled trial studying the effects of long chain n-3 fatty acids on cardiovascular events and death in 206 Danish hemodialysis patients found no improvement in the primary composite endpoint but did observe a reduction in myocardial infarctions 30 . Effects on sudden cardiac death were not evaluated. An important study limitation was the very high blood levels of long chain n-3 fatty acidsnearly double that in our study population--making it much harder to demonstrate cardiovascular risk reduction 31 . In contrast, a more recent randomized North American study of 201 hemodialysis patients with much lower baseline long chain n-3 fatty acids reported improvements in the secondary outcome of cardiovascular event-free survival 32 .
Our study has limitations that warrant attention. We used ICD-9 coding by patient providers to identify individuals who died of sudden cardiac death, and further excluded in-hospital events to minimize event misclassification. While ICD-9 codes for sudden cardiac death have a good sensitivity in hemodialysis patients 33 , the lack of eyewitness or autopsy confirmation of sudden cardiac death could have led to random misclassification. However, such a bias would have supported the null hypothesis. We also did not have information available on cardiac structure and function, dialysate bath composition, residual renal function, or intradialytic weight gain, variables postulated but not yet proven to play a role in the sudden cardiac death of hemodialysis patients. Though we measured long chain n-3 fatty acid levels at time of hemodialysis initiation, levels could have changed over time as dietary intake changed. Despite this, baseline levels still remained highly predictive of sudden cardiac death. Finally, due to the biologically grounded and hypothesis driven nature of our case-control study design, which focused specifically on patients who died of sudden cardiac death, we could not determine the association between long chain n-3 fatty acid levels and other important outcomes such as all-cause mortality or cardiovascular mortality. Such analyses can be performed in future studies.
The use of serum phospholipids as a surrogate for the phospholipid content of heart cells could possibly be considered a limitation. However, there is no evidence at present to suggest that phospholipids in the heart or peripheral blood cells are better predictive markers than those in serum. While our findings were limited to the first year on hemodialysis, other investigations suggest that long chain n-3 fatty acids have protective effects even after this period 12, 14 . Finally, our results demonstrate association and not causation. We cannot exclude the possibility that residual confounding from dietary or other factors existed despite having controlled for many of the most recognized and powerful prognostic factors.
The study has a number of strengths. It directly measured blood fatty acid content rather than relying on dietary surveys. The study cohort was contemporaneous and representative of the overall U.S. hemodialysis population. The analysis included the entire first year of hemodialysis, an important attribute in light of the relative lack of information available on outcomes and interventions during the critical first few months after starting hemodialysis. This early period is also associated with the highest risk of death 2 , which is why mortality rate reduction over the first year of dialysis has become the highest priority for professional nephrology organizations and dialysis companies 34 .
In summary, long chain n-3 fatty acids are strongly associated with a lower risk of sudden cardiac death in incident hemodialysis patients during the entire first year of dialysis. Because sudden cardiac death is the most common cause of mortality in such patients and lacks an effective treatment, and because hemodialysis patients are especially amenable to the putative cardioprotective benefits of long chain n-3 fatty acid supplementation due to their low dietary intake, there is a compelling need to confirm our findings in a randomized, controlled fashion.
METHODS

Study Population and Collection of Serum Samples
All study subjects participated in the Accelerated Mortality on Renal Replacement (ArMORR) project, a nationally representative prospective cohort study of patients who initiated chronic hemodialysis at any one of over 1000 US dialysis centers operated by Fresenius Medical Care, North America 35 , Between July 1, 2004, and June 30, 2005, 10,044 incident hemodialysis patients representing 1,056 US dialysis units were prospectively enrolled into ArMORR. ArMORR contains detailed demographic and clinical data, including comorbid conditions, laboratory results, and blood samples at time of dialysis initiation. All clinical data were collected prospectively and entered uniformly into a central database by the patients' practitioners at the point-of-care based on medical records and physical examination. All clinical data points arriving at Fresenius underwent rigorous quality assurance/quality control (QA/QC) auditing because these data are directly linked to Medicare billing services, and routine QA/QC measures are mandated by the Clinical Quality Group and Data Entry Error Reduction Task Force at Fresenius. Blood samples collected for clinical care were drawn at individual dialysis units and shipped the same day on ice to Spectra East (Rockland, NJ, USA), a good clinical practice (GCP)-accredited central laboratory. Study subjects' blood samples were individually labeled with a yellow sticker, thus notifying technicians of the need to handle these samples especially expeditiously. Samples were not sent from Friday or Saturday dialysis sessions to ensure that all samples were processed immediately. If samples were not received on ice or contained insufficient quantities of blood, they were not included in the ArMORR study. After blood was extracted for clinical testing, the remaining serum was immediately placed in new tubes and frozen at −80°C. They were then sent in batches on dry ice to the ArMORR investigators where the samples were aliquotted and immediately stored at −80°C (and subsequently liquid nitrogen). Because many aliquots were available for each study subject, the need to expose samples to multiple freeze/thaw cycles was subsequently avoided. This study was approved by the Institutional Review Board of the Massachusetts General Hospital, Boston, MA, which waived the need for informed consent.
Identification of Patients Dying of Sudden Cardiac Death and Controls
Sudden cardiac death events in ArMORR were defined as deaths occurring (1) out of hospital that were (2) identified by International Classification of Diseases (ICD)-9 diagnosis codes for "cardiac arrest" (ICD-9: 427.5) and "sudden death, cause unknown" (ICD-9: 798.1, 798.2, 798.9) 36 , The ICD-9 codes, frequently used to study sudden cardiac death in dialysis patients 4, 37, 38 , were documented by the subject's health care providers at time of death on a dialysis unit mandatory discharge form. One hundred patients who died from sudden cardiac death within one year of initiating hemodialysis and who had sufficient amounts of stored sera were identified as cases on an a priori basis. Three hundred hemodialysis patients who survived the first year of dialysis (controls) were frequency matched by age, gender, and race in random fashion using SAS 9.3 software package (Cary, NC).
Laboratory Analysis
Biochemial assays were performed at Spectra East laboratory as previous described using standard assays. Serum was used to determine fatty acids in the phospholipid fraction in blinded fashion. Serum lipids were extracted with chloroform/methanol (2:1, vol/vol). Serum phospholipids were the primary measurement because they reflect cardiac membrane phospholipid content, an important mediator of cardiac electrophysiology, better than other serum fatty acid fractions 39 , Solid phase extraction was used to isolate the phospholipid fraction, with methanol being eluted via a silica cartridge (300 mg filling, Grace, Deerfield, IL) 40 , Phospholipids were then methylated directly with 10% BF 3 in methanol and converted to fatty acid methyl esters (FAME). The resulting FAME were concentrated in isooctane (HPLC grade, Fisher Scientific, Pittsburg, PA) and analyzed by gas chromatography (GC) (HP 7890A series, autosampler 7693, GC ChemStation Rev. B.04.03, Agilent Technologies, Palo Alto, CA) with a DB-225 column (30 m, 0.25 mm i.d., 0.15 mm film thickness, Agilent Technologies, Palo Alto, CA) equipped with a flame ionization detector 41 , Sample peaks were identified by comparison to authentic FAME standards (NuChek-Prep Inc., Elysian, MN). Results of FAME analysis were obtained by area percentage reports and reported in weight percent. Long chain n-3 fatty acids were defined as the area percent of eicosapentaenoic acid (20:5n-3) + docosapanetaenoic acid (22:5n-3) + docosahexaenoic acid (22:6n-3), and long chain n-6 fatty acids as the area percent of 20:4n-6+22:4n-6+22:5n-6.
Statistical Analysis
Based on preliminary data 100 cases and 300 controls were estimated to have 80% power with a 5% type I error to detect an odds ratio of 1.96 between serum phospholipid long chain n-3 fatty acids above versus below the median. Baseline characteristics were summarized by mean +/− standard deviation for continuous variables and frequency for categorical variables. Two-sample t or Chi-square tests were used for group comparisons as appropriate. Summary statistics for each fatty acid (expressed as percentage of total fatty acids) were compared between groups using nonparametric Wilcoxon rank sum test due to their skewed distribution.
To evaluate the association between baseline long chain n-3 fatty acids and sudden cardiac death, we first categorized the subjects into four groups by quartiles of long chain n-3 fatty acids. We analyzed the outcome of death status due to sudden cardiac death at 90, 180, 270, and 365 days after starting dialysis. Since this is a frequency matched case control study, we used the common odds ratio and logistic regression model for analysis (unlike matched case control design, where a conditional logistic regression model is more appropriate). We evaluated the odds ratio of SCD for each of the second, third, and fourth quartile group compared to the first quartile group and calculated the corresponding 95% confidence interval. We also perform logistic regression model with death status at 365 days as the response variables to evaluate the effect of long chain n-3 fatty acids on the risk of sudden cardiac death while adjusting for potential confounders and other important factors, including cause of end-stage renal disease (diabetes mellitus/other), history of coronary artery disease/myocardial infarction, congestive heart failure, or atrial fibrillation, baseline systolic blood pressure, use of beta blockers, initial type of vascular access, and pre-dialysis serum creatinine, serum albumin, and serum potassium levels. Age, gender and race were not included in the model since they were not significantly different between groups and had minimal effect on the coefficient estimates of long chain n-3 fatty acids. To test the sensitivity of the odds ratio estimate to the misspecification of confounder variables, we also ran models with long chain n-3 fatty acids alone and with other covariates. The odds ratio estimate and its confidence interval estimates were similar. We performed a secondary analysis to test confounding by other fatty acid classes. Each fatty acid group (saturated, monounsaturated, trans, long chain n-6) was entered separately into the model. Fatty acids that changed the coefficient estimate of long chain n-3 by more than 15% were included in model 4. C statistics for Models 1, 2, 3, and 4 were 0.67, 0.75, 0.78, and 0.78, respectively, indicating their reasonable predictive ability. All statistical tests were performed at a twosided 5% significance level using SAS 9.3 software. Table 3 Odds Ratio for Sudden Cardiac Death According to Baseline Long Chain Serum Phospholipid n-3 Fatty Acids 
